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WDL-TR2035
SUMMARY

This report contains the results which were obtained from two
series of tests and an analytical investigation ¢onducted to determine
the mechanical dynamic characteristics of the threé-axis T&D antenna

system at FGS.

Section 1 contains imntroductory material and general comments

which relaté to antenna design, test, and analysis.

In Section 2, the method of analysis is given with differential
equations of motion which describe the system. The analysis of in-

dividual components which make up the mathematical model is discussed.

The results of the theoretical analysis are given in Section 3 in
the form of structural transfer functions which yield outputs of co-
ordinates on the antenna. Transfer functions are interpreted to yield

the natural frequencies and the locked-rotor frequencies of the antenna.

The field test results are presented in Section 4, together with
a discussion of the correlation between these test values and the

analytical results.

Section 5 contains a discussion of the areas which govern antenna
behavior, together with some suggested modifications which will up-

grade antenna performance.
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ABSTRACT

PHILCO WDL-TR2035 UNCLASS IFIED

This report contains the results which were obtained from
two series of teésts and an analytical investigation con-
ducted to determine the mechanical dynamic characteristics
of the three-axis T&D antenna system at FGS.

Subjects which are discussed are method of analysis, re-
sults of the theoretical analysis, field test results, a
discussion of the areas which govern antenna behavior, and
suggested modifications which will upgrade antenna perform-
ance.

' FGS ANTENNA RESONANCE STUDY

by Hugh L. Smith and

Henry B. Lee 41 pages
27 February 1963 Contract No. AF04(695)=113 |
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THIS UNCLASSIFIED ABSTRACT IS DESIGNED FOR RETENTION IN A
STANDARD 3-BY-5 CARD-SIZE FILE, IF DESIRED. WHERE THE
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RECTANGLE MAY SE CUT OUT AND FOLDED AT THE DOTTED CENTER
LINE, (IF THE ABSTRACT IS CLASSIFIED, HOWEVER, IT MUST NOT
BE REMOVED FROM THE DOCUMENT IN WHICH IT IS INCLUDED.)
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FOREWORD

This Technical Documentary Report on Definitive Contract AF04(695)-
113 has been prepared in accordance with Exhibit "A" of that contract and
Paragraph 4.2.2 of AFBM of AFBM Exhibit 58-1, "Conmtractor Reports Exhibit,"
dated 1 October 1959, as revised and amended.

This report was prepared by Philco Western Development Laboratories
in fulfilling the requirements of Paragraph 1.2.1.2 of AFSSD Exhibit .

61-27A, "Satellite Control Subsystem Work Statement," dated 15 February

1962, as revised and amended.
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INTRODUCTION

1.1  GENERAL

During 1962, two series of tests were conducted to determine the
mechanical dynamic characteristics of the three-axis T&D antenna system
at FGS. (See Fig. 1-1.) The second series was run because subsequent
WDL experience in dynamic analysis and testing of large antennas in=
dicated that a more comprehensive definition of these characteristics
¢ould be obtained by the use of more sophisticated instrumentation and
test procedures. Also, the additional data obtained was necessary in
order to determine the validity of various techniques used to determine

analytically the dynamic characteristics of latge antenna structures.

Knowledge of the dynamic characteristics of the antenna structure
is necessary in designing a control system for specified performance.
This information is needed to determine motive power requirements and
the dynamic response of points in the system at which feedback sensors
are mounted. In small systems in which the controlled loads have high
resonant frequecies, elastic distortions of the load may be relatively
unimportant, but in large systems, such as antenna systems, the stuct~
ural deformations due to dynamic loads may significantly affect over-all

system performance.

In a system with rate (tachometer) feedback, for example, the
*
closed loop bandwidth is limited by the lowest locked-rotor frequency.

of the feed support system.

* Locked-rotor frequency is the natural frequency of the antenmna when
the motor drive shaft is fixed relative to the antenna (brakes locked).
At this frequency, there is a severe dip in the tachometer frequency
response function.

1-1
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Because of the effects of structural dynamics on over-all system
performance, it is desirable to be able to predict these characteristics
during the design phase in order to assure that performance specifi-
cations will be met, and, in the case of an already completed sSystem,
it is desirable to be able to determine anmalytically which elements of
a system should be modified to upgrade performance if desired. The
requisite analytical capability can be acquired only by carrying out
a series of analyses and tests of particular structures and by '

comparing the results of both.

Experience with the FGS T&D antenna yielded comprehensive field
data, and provided WDL with an ideal opportunity to develop and test
analytical techniques which were developed during the past year in

their Antenna Systems Laboratory. In addition, WDL, through its

experience, determined problem areas in the FGS antenna structure.

Because of the rigorous time schediille of this project, the antenna
was analyzed in only one orientation. The response of the structure to
azimuth driving with the antenna looking at the horizon was calculated,
because the tracking rate and acceleration requirements are considerably
more severe on the azimuth axis than on the elevation axis. The
lowest azimuth locked-rotor frequency was measured with the antenna
on horizon. In this orientation, analysis of a particularly complex
model was required. The complexity of this model permitted investigation

of phenomena such as coupled vibration modes.

The model analyzed has 25 degrees of freedom, including transla-
tional and rotational displacements. An undamped forced-vibration
analysis was performed, with the system being driven by the servo drive
system as it is in actual operation. Transfer functions were calculated
for the response of various points in the system; during the field

tests, displacements were measured at these points. The poles and zeros

WESTERN DEVELOPMENT LABORATORIES
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of these transfer functions give various characteristic frequencies of
the system, and can be correlated with fluctuations in the measured

frequency responsé functions.

Individual components, and combinations of components were
analyzed to determine the éiause of the low measured frequencies.

These analyses are described in Section 5 of this report.

An identical analysis of the IOS antenna system was conducted
concurrently with the FGS analysis. Since both antennas have the
same pedestal and drive system, only the moving antenna structure
required a different model from that of FGS. Because the I0S antenna
has no third axis, and because its structural attachment of the
reflector to the elevation axis is considerably stiffer than its

considerably highér than the lowest FGS locked-rotor frequency.

Upon completion of the FGS study, additional analysis will be
performed to determine structural transfer functions of the IOS

antenna in other orientations.

1.2 SCOPE
In Section 2, the method of analysis is given with differential
equations of motion which describe the system. The analysis of

individual components which make up the mathematical model is discussed.

The results of the theoretical analysis are given in Section 3 in
the form of structural transfer functions which yield outputs of
coordinates on the antenna. Transfer functions are interpreted to
yield the matural frequencies and the locked-rotor frequencies of the

antenna.

P H l L C o WESTERN DEVELOPMENT LABORATORIES
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The field test results are presented in Section 4, together with
a discussion of the correlation between these test values and the

analytical results.

Section 5 contains a discussion of the areas which govern
antenna behavior, together with some suggested modifications which

will upgrade antenna performance.

1-5
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SECTION 2

DYNAMIC ANALYSIS

2.1 ANALYTICAL METHOD

The dynamic characteristics of the antenna structure are determined
by analyzing it as a lumped-mass model. The locations at which inertia
is assumed to be concentrated are determined by application of engineer-
ing judgement to the specific¢ structural design configuration. For
example, components which might be exXpected to move together more or
less as a rigid body are considered to be concentrated together. 2n-
other consideration is that the total number of lumps necessary for
a given model obviously must be greater than the number of modes of

vibration to be described by the model.

When the locations of the inertia lumps are determined, the mass
and moment of inertia to be concentrated at each location are calculated
from design drawings. Then the flexibility of elements connecting the
various lumps is calculated by various structural analysis techniques,
including digital computer truss and frame analyses. These elastic

coefficients are expressed as matrices of influence coefficients.

When these mechanical parameters of the structure have been so
determined, equations of motion describing the response of the system
to a driving torque are formulated. These equations involve the inertia
and elasticity of the lumped elements of the structure and the kinematics
of the system, and include such factors as the flexibility of the gear
train and bearings. These equations of motion are a system of linear
differential equations in the various displacements and rotations of
the lumped inertia elements which describe the state of the gystem,
and various other quantities of interest, such as r-f beam position,

rotation of drive-motor shaft, motion of control system sensors, etc.

This analysis is essentially a forced, rather than a free, vibra-

tion analysis. This approach is used because, in overall system design

-

-1
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and analysis, the required information is a knowledge of the dynamic
response of the structure. The antenna structure acts as the load on
the drive system, and complete system response characteristics depend
on load characteristics. Also, vital parameters, such as the motion

of the r-f beam, are controlled by the motions of the structure.

Transfer functions describing the motion of various points in the
system can be determined from this system of equatiens. The poles and
zeros of these transfer functions are calculated by means of a computer
program which determines the characteristic¢ roots of a determinant
whose elements are quadratic functions of the Laplace operator s. An-
other available computer program, which computes system influence co-=
efficients from local elastic parameters and lowest natural frequency
and mode shape for simple structures, is used to determine many of the
parameters used in the above system of equations, and to determine
from simplified models of the system the cause of various system res-

onances.

Special techniques which are used to compute compliance, and other

dynamic parameters, of certain cemponents are described in Para. 2.3.

2.2 MATHEMATICAL MODEL AND EQUATIONS OF MOTION

A lumped mass-spring model was used in the dynamic analysis of
the antenna structure. The antenna and the corresponding lumped-mass
model with the forces acting on it are shown in Fig. 2-1. Because
D'Alembert's method was used, inertia forces are shown. The model
used has 25 degrees of freedom. The complexity of this model was
necessary for the following reasomns:

/
a. In the orientation analyzed, lateral motion of the pedestal

is inherently coupled with retation of the antemna about the

vertical axis.

b. The moving structure is elastically unsymmetric about the re-

flector axis.

2-2
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¢. In order to define several modes of vibration of a continuous
structure, it is necessary to have several lumps per mode re-
trquired. (A rough rule of Lhumb is that four to six lumps

are required per mode determined.)

The complexity of this model should thus make it possible to cal=
culate several of the higher modes observed in the field tests. No
damping was included in the model, since it is known that structural
damping is small and only slightly affects the significant frequencies;
also, damping would cemplicate the analytical problem considerably.

The static balance and total moment of inertia of the model were com=
pared with corresponding parameters for the actual antenna as a check

on the masg lumping.

Representative examples of the system of simultaneous equations
of motion are given. In these equations, X is a lateral displacement
coordinate, and 6 and ¢ are, respectively, rotations about the azimuth
and reflector axes. Operational notation is used where the operator s

may be thought of as the differential operator L or as a Laplacian

dt
operater.
6
- - - Fj 2 _ F6 . M6 -
xi }: 5i mjs xj 51 F 51 M (2-1)
j=1
3
- o Tj 2, _ . T6 -
8, = Z 8, Ijs ej 0p T, (2-2)
3=l
16
F = }: m szx (2-3)
i 8 % 2.
i=7
2-4
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16 14
T = z.m sox, + 1.5% (2-4)
e 4
10 i=7
6
Tj . 2 6 ,
6, - 6, z 0,7 I;s°0, - 0;° 1 (2-5)
i=5
16
_ Fj 2. _ Ml& 2
ST Z SVILES P16 T4 Puy
58 |
T4 . 2
2R TARTA (2-6)

= (Coordinate of cg of lump i measured positively along the

a vertical axis.

the reflector axis.

application of unit

application of a unit

t reflector axis from the declination axis.
m, = Mass of lump 1i.
Ii = Moment of inertia of lump i about
Ji = Moment of inertia of lump i about
5?3 = Displacement of lump i due to the

‘ lateral force to lump j.
5?3 = Displacement of lump i due to the

' moment about a horizontal axis at lump j.
514 = Displacement of lump i due to the

application of a unit

moment about a vertical axis at lump j.

Influence coefficients for rotations use the same subscript and

superscript conventions as the above with & being replaced by @

for rotation about a vertical axis and by g for rotation about

a horizontal axis parallel to the reflector axis.

2-5
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These equations are solved to yield transfer functions for the
response of various points in the system to the applied driving torque.
The poles of these transfer funections are pure imaginary because the

system i§ undamped and they correspond to system resonant frequencies.

This transfer function representation corresponds to reducing the
system of simultaneous differential equations to another set of simul-
; taneous equations in which each of whic¢h only one of the dependent

variables appears.
; The results of this analysis are discussed in Section 3.

2.3 COMPONENT FLEXIBILITY ANALYSIS

The dynamic analysis, as delineated in Para. 2.2, required that
the elastic béhavior of the system be determined. This was accomp-
lished by evaluating the elastic deformations of each component and
by combining these elements to obtain the compliance parameters to

be used as coefficients in the differential equations.

2.3.1 Structural Analysis

Rotation and displacement coefficients were calculated for all
elements due to forces and moments at every element. These coeffici-
ents, arranged in the proper array, make up the flexibility coeffici-
ent matrix. The methods used to determine thesé coefficients were
those of ordinary structural analysis, such as the Virtual Work Method
or the Conjugate Beam Method. For the more complex parts of the
structure, a digital computer program for analysis of three-dimensional
framed structures was used to determine the influence coefficients.
For example, all the structure beyond the gimbal (i.e., the reflector,
reflector arms, counterweights, and equivalent feed system) was analyzed

as a unit, using this computer program.

The side elevation of that structure, together with the repre-
sentative mathematical model, is shown in Fig. 2-2. This model in-

cludes the flexibilities of the transverse shafts and bearings and

2-6
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transverse gearboxes on the uppéer reflector arm (lower arm is ungeared).
Because of the asymmetry and the degree of indeterminancy of the struc=
ture, the frame analysis computer program was used to advantage here as

it was in other areas of the antenna.

2.3.2 Feéed System Analysis

& rather complete static and dynamic¢ analysis was made of the
feed system (composed of the feed and the feed support legs): A nine-
degree-of-freedom lumped parametér model was used (see Fig. 2-3). The
feed support legs were represented by an equivalent mass located at the
cernter of mass of the leg; the feed itself was represented by a rotary

inertia only, because the translation of the mass at the feed support.

The motion of each feed leg lump was described by two orthogonal
displacéments normal to the leg, and the motion of the feed was des-
cribed by a rotation about the reflector axis. Finally, the dynamic
behavior of the system was described by a set of ordinary differential
equations, the solution of which yields the natural frequencies of the
feed system. These frequencies fell mostly in the two ranges of 4.4-
5.0 cps and 7.0-8.0 cps.

These analytical results bracket the feed system resonant fre-
quencies of 4.6, 5.0, 7.1, and 7.5 cps, which were observed during the
FGS Vibration Tests, Series I. Past studies of structural tranmsfer
functions have shown that the natural frequencies of the feed system
are not reflected throughout the antenna structure simply because the
mass of the feed system is small compared to that of the rest of the
structure. For this reason, it was not necessary to use such a complex
model in the overall mathematical model of the antenna. A simplified
model with parameters which yielded a 5 cps resonant frequency was used.
Again it must be emphasized that this was justified, because the dynamic
response characteristics of the feed system were completely known, and
because the forces generated by the feed system during resonance do not

appreciably affect the other structural components.

2-8
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2.3.3 Bearings

The bearings which support the declination and transverse

axes were among the more flexible links in the antenna structure. For
example, the gimbal coefficients increased by a factor of five when the
bearings were included. This problem was recognized earlier, and full
size tests were conducted in which the deflections of the pinion shaft
bearings were physically measured on an antenna simulator at WDL. These
meéasurements do not compare exactly with those obtained by theoretical
computation. Although the test and calculated values were of the same
magnitude, they differed by a factor of as much as two. The method
used to determine bearing stiffness was that presented by Palmgreﬁ* and

will not be described in detail here.

In general, the literature on bearings does not treat the problem
of deflections, and methods of computations which are available give only

approximate values.

2.3.4 Gearboxes

Gearbox flexibility was obtained from bench tests performed by
the manufacturer. In this type of test, the pinion shaft is fixed at
the spline, and the rotation of the input shaft is measured for a known
applied torque. This test does not accurately predict the flexibility
of the gearbox as mounted on the antenna, since it does not include de-
formations other than those which occur in the gearbox itself. Previous
tests of a similar gearbox mounted on an antenna simulator and previous
theoretical calculations made at WDL have accounted for additional
elastic deformations, such as those of the gear teeth, the pinion shaft
with bearings, and gearbox mounting structure. Analysis and testing
both showed that the compliance obtained was approximately 50 percent
greater than that which was due to wind-up in the gearbox shafts; be-
cause of this experience, the manufacturer's value was increased

accordingly.

%* 'Pélﬁgreﬁ;fﬂf;7§§iiWéh&”RSiiéiwﬁearinwrngineeriqn, SKF Industries
Inc., Phila., Pa., 1945. T

2-10
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SECTION 3

RESULTS OF ANALYSIS OF EXISTING STRUCTURE

The system of differential equations of motion in Section 2 ¢an
be reduced to yield transfer functions which describe displacements,
velocities and accelerations of particular components of interest on
the antenna. The transfer function is a ratio of output to input of
a dynamical system expressed in operational form and is commonly ex-

pressed as the function of complex operator s.

The following transfer functions are given for outputs of motor- X
shaft rotatiou, reflector translation, reflector rotation about its
own axis, and translation of the tower at the azimuth bearing for an
azimuth motor torque input with the réflector horizon oriented. Co-
ordinates for which transfer functions were calculated are shown in
Fig. 3-1.

Transfer Functions

2

y 2 2 2 2
6 @sg@ : J@_L_ﬁ@_ijw;Lj)
M_ N\ (2x2.66) (273.78) (2%5.00) (276.06) (2712.3)

104782 <1+ : ) <1+ ) <1+ 2) ( ) (1+ )
(213.47)2 (2n4.11) (215.02) (219.87) (2716.1)

=

2
_ ( Cj;)-i) ( 462 921

I+ — 2) (1+ -———-———-)
_ (2n11 01 (2219.54)

“m*@&émﬁ@aamﬁ@aﬁmﬂ@aﬁmJ@a@B)

e o
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2 2 2
¢ @wi~g@—i_9@.__g@i__9
R . (2%3.84) (25, 03)7 (2712, 7), (2720, 41

=
tos 5-<1* (2n3 47)2) <1+ (2n4 11)2) <1+(2::5 o‘2‘$ ) <1* (2:!9 87)2) <1+ (21116 1)

<;;?@”“5>@“g>

>
33. 2x108 <1+ e ) <1+ ~ ) <1+ _____> <1+ st ) ( )
(213.47) (2n.11) (215.02) (279.87) (216, 1)

=

§ﬁ1

where

XR = transverse translation of the reflector

xT = transverse translation of the tower

6,, = rotation of the motorshaft

= rotation of the reflector about its axis of symmetry

T,, = azimuth motor torque

Not all of the factors of the numerators and denominators of the
above transfer are given because the primary interest is in the low
frequency response of antenna structures. Also, the higher modal fre-
quencies of a continuous structure cannot be accurately calculated using

a lumped parameter model.

The poles of these transfer functions physically represent the
natural frequencies of the antenna with zero input torque (free at the
azimuth axis). At frequencies corresponding to these poles, peaks

appear on the frequency response curves because the amplitudes are
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highly magnified at these system resonant frequencies. When there is
a transfer function zero at a frequency close to a system resonant
frequency, the cancelling effect of such a pole-zero dipole attenuates
the amplitude variation of both the pole and the zero in a realistie,

undamped system, sometimes making their presence imperceptible.

The zeros of the transfer function represent the frequencies at
which zero response occurs and are manifested in dips in the frequency
response curves. In the case of the motorshaft rotation transfer func-
tion, the zeros represent the locked-rotor frequencies which are the
natural frequencies of the antemna structure when the motorshaft is
constrained from rotation relative to the antenna. The lowest locked-
rotor frequency calculatéd was 2.6 cps. This frequency is significant
in that it is where the control system senses an amplitude attenuation
and phase shift when it observes the response of the antenna through

the motorshaft tachometer.
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SECTION 4
COMPARISON OF TEST AND ANALYTICAL RESULTS

4.1 FIELD TESTS

Sinusoidal steady-state frequency response tests were performed
to determine the system frequency response to drive system excitation.
In the horizon orientation, the response to azimuth excitation was
measured. In the zenith orientation, response to both azimuth and
declination excitation was measured. The antenna was excited by driving
the servo valve with a HP202A function generator over the frequency
range from 0.1 to 25 cps. A pressure transducer was installed on the
azimuth drive system's hydraulic motors to monitor differential
pressure proportional to driving torque. The torque amplitude was
maintained at a constant level in the azimuth response tests. Thus, it
was possible to determine acceleration/torque frequency re .onse
functions at points where acceleration (or velocity) was monitored.
Clusters of three mutually perpendicular accelerometers were mounted
on the antenna at both points where the reflector attaches to the reflector
arms, making possible the measurement of elastic and rigid body motions
of the reflector and permitting observation of coupling of orthogonal

vibration modes.

Accelerometers were also mounted to measure two horizontal
components of the motion of the steel tower at the azimuth bearing in
order to determine the elastic motion of the tower. A three-axis
accelerometer package was mounted on top of the concrete tower to
determine elastic motion of the tower and the effect of foundation ?
motion. Typical accelerometer installations are shown in Figs. 4-1, :
4-2, and 4-3. The drive shaft velocities were measured with drive

shaft tachometers to determine locked rotor resonances. Transient

tests were performed in which the antenna was set into motion and the
exciting force suddenly removed and the resulting free oscillation
recorded. Resonant frequencies measured in these transient tests can

be compared with resonant frequencies observed in sinudoidal frequency

4-1
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FI1G., 4-2 ACCELEROMETER INSTALLATION ON THE STEEL TOWER

FIG, 4-3 ACCELEROMETER INSTALLATION ON A FEED SUPPORT LEG

P H I L C o WESTERN DEVELOPMENT LABORATORIES



“?:g
b ‘é

WDL-TR2035

responsé tests. In the above frequency response tests, all feedback
loops were opened in order to isolate the dynamics of the structure

from the dynamics of the feedback control system.

The frequency response data are presented as conventional Bode
amplitude ratio diagrams in which the output-input amplitude ratio
expressed in db was plotted as a function of the logarithm of frequency.
The amplitudés used in the calculation of these amplitude ratios were
determined by visually estimating from the strip chart records, the
magnitudes of the fundamental components of the (sometimes non-sinusoidal)
recorded waveforms. The occurrence of complex waveforms indicates the
presence of non-linearities in the system and use of this "harmonic
analysis" should yield the characteristics of the small amplitude,
linear approximation to the system, which is useful in predicting
response to arbitrary forcing functions. In general, no attempt was
made to record absolute amplitudes, and curves given, therefore, show

only the relative response at different frequencies.

In the tests in which the azimuth axis was driven, the motor
torque (proportional to pressure) is considered to be the input. Since
both acceleration and velocity were measured and because it is most
meaningful to compare directly analagous parameters*, it was necessary
(in the data reduction) to make use of the fact that if

x(t) = X sin 2% ft, f = frequency
then

x(t) = 2nf X cos 2xn ft

R(t) = (an)2 X (-sin 2xft)

*Acceleration and torque, linear displacement and angular digplacement
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That is, velocity amplitudes can be obtained by multiplying displacement
amplitude by the circular frequency, 2nf and acceleration amplitude can

be obtained by multiplying velocity amplitude by 2xf.

Two types of résonances are observed in these tests. The first
type, known as locked-rotor resonances, are observed at frequencies
which are natural frequencies of the antenna structure with the motor
shaft brakes locked. At these frequencies, relative minima are
observed on the motorshaft acceleration/torque frequency response
functions. Knowledge of the frequeéncies at which these resonances
occur is important in control system design. The second type of
structural system resonances appear at frequencies at which relative
maxima are observed on antenna acceleration/torque frequency response
functions. Both types of resonances appear at frequencies which are
peaks on antenna displacement/motor shaft rotation frequency response
function. Locked-rotor resonances were observed in the azimuth
vibration tests in this orientation at 2.3 cps, 5.5 cps, 10 cps, and
12 cps (see Fig. 4~4). The system resonant frequencies observed are
listed below with brief descriptions of the phenomena observed at

these frequencies.

3.2 - 5.5 cps. In this range of frequencies, peaks were observed
in the response curves for all points sensitive to azimuth excitation.
Some non-directly excited motion (such as the rotation of the reflectox
about its own axis) was also observed. In particular, a sharp peak in
the pedestal's lateral motion response to declination excitation
occurred at about 3.5 cps. There were apparently several modes of
motion in this range in which lateral motion of the tower and torsion

of the reflector about its own axis were coupled in different ways.

8.0 cps. A peak occurred at this frequency on the response of
the reflector about its own axis, and an apparent flowering of the
reflector was observed. Since this resonance was not generally re-

flected in the motions of the antenna, it probably is the fundamental
resonant frequency of the reflector structure.

4=5

P HI L c O WESTERN DEVELOPMENT LABORATORIES




TVOTIRIUITI) UOZTAOH - Isuedsay Aouoanbaajg onbiaol 100K YINWL2ZY/U0L3LID[DI0Y IFUyUsIojol #-4 *Brd
SdD - ADNINO3IY A

9 S ¥ ¢ (4 I s°0
g e— . 02-

0z st
T p—p——— ™ 1048 i y i BRBE MEiEi § = :
] ! | I ;
] ) |
e i 4
1 ! ; w
| ! i | e
! i f :
r + t { ,‘ A
| - _ , T TH ol
i 81 | T
ﬂm
! ! . , bd
: i hit i “ o408 w 4] %
. N ! X i .
KB N ) ] TING T Al o + » H
ﬂ_M ! [ — N4 L"«. i#x t\ i £ “0
i 1 o 4 T ﬂlﬂ <
_— i il i 4 - b 3 ' o
T v i Sr T thbd T v A X
T [ I
i I il L ] '
| T T ] T o
, “, e i [ T } ’
i 4 ! + ! (8ol
4 ¢_ . ” R )
i ! Ll — w : | A o+
i 1R M i
K H Y /] | :
i ! ; X ot !
| | )i 2 | ! i
I N Ta . ol
«,_;. M EL” |
ARARY IBEEI B :
: L] i
[ H i T . [
. * IS
)
t IR
F i
T
074
i
) i
Vi 4
: |
i 3
! |
3 } [ 2 - “
,‘ _ M
] SHRREANONE ] W o€
1 ) ,v 1 B ,
T
; i) , _ 1
: _ -

WESTERN DEVELOPMENT LABORATORIES

PHILCO



UOTIBIUDTI) UOZTIOY
- asuodsay Kouanbaaj anbro] 1030 yINWIZY,: i 12I9TIDDY ISIABASUBAJ, 1030213I3¥ G- °BT13

Sd0 - ADNINDIXA

oz sl ol6 8L 9 S v € rd | S°0
‘ 1 )N 11D WAL 1AAR 13031 1RAN i i ; |
A , i
T SN IAENE V |
I | | - 8 |
A ~ - ﬁ |
: _ W
!
i
- 02-
_ . W
| £
fi-4 W , , : 2
i T . : . 01—
T 1 ) g k ™~
| t
- , ; , 2 <t
187 4 T L] -
h o e AL |
, H =
= o * H g o
{
) : ,
; HHH ,_
] , : - o1
Y ‘ m
, 1 A -
T , ] ] “
ot m ,
maseesds " ' oz
] LA toeg .‘ | | 111, “ : HA

WESTERN DEVELOPMENT LABORATORIES

PHILCO



WBL-TR2035

10 =+ - ,,,i,:,_,,f,',:':f I I mEEEAsRRRARNN T ‘f, L

LM

2
SBR
M

~40 [‘,,”“fﬂ.:j s il ffi'f;w""'

1]
il

v 2 3 4 5678910 15 2

FREQUENCY - CPS
Fig. 4-6 Reflector Retaticra: Aiceleraticn/Azimuth Motor Tcrque
Frequency Respense - Horizom Oriertaticn

4-3

P H l L c o WESTERN DEVELOPMENT LABORATORIES



WDL-TR203>
RRBE T — -+
Lty i
N
¥
g, BNt
X
=gt SEIRN NN — o i
T {‘J; ! — !
-4 4 M
e a i LI 1 T
I 1 ;
+ } ‘
B X 1 +
% 4
I . i HIN
L i 1) 1 .
! i T LN, H
HIMHINER] ; 4
i T
| (I
1T TT
e
1 B il
N z!
4 I
o e s aa e
+ A o -
, 2 !
e i IR ¥
— e
1 i
Ty
{
] il
e IR
5 S RRTREAE i WL
TN TGN 51 00N NI TG
T VT [ 1 KR HTH TTHT
1 2 3 4 5 678900 15 20

FREQUENCY — CPS

Fig. 4-7 Sterl Tover Radial Acceleration/Declination Servo Valve
Current Frequency Response - Zenith Crientation

_‘:~
[}
\D

P H ‘ L C o WESTERN DEVELOPMENT LABORATORIES



Gl Dl Gl el Gy eees] peey b s Py e e e S g TR AR e

WDL-TR2035

11 cps. Peaks occurred on most response curves, including lateral

pedestal motion.

16 cps. Peaks occurred on response curves for all points sensitive

to azimuth excitation, including lateral pedestal motion.

Figures 45 through 4-7 illustrate experimental amplitude frequency
response functions for lateral reflector translation; reflector rotation
about its own axis; lateral motion of the pedestal about its own axis;
and motor shaft rotation.

4.2 COMPARISON OF ANALYTICAL AND TEST RESULTS

4.2.1 System Resonant Frequencies

The denominator of the transfer functions discussed in Section
3 indicates system resonant frequencies of 3.5, 4.1, 5.0, 9.9 and 16.1

cps.

Examination of mode shapes corresponding to these frequencies
show that, at 3.5 and 4.1 cps, the tower is experiencing unidirectional
bending with amplitude increasing with height above ground and that
the rotation of the reflector about its own axis is out of phase and in
phase respectively with the rotation at the top of the tower. Analysis
of a simplified model, in which only lateral motion of the tower was
considered, and in which all of the moving antenna mass was concentrated
at the top of the tower, yielded a lowest natural frequency of 3.8 cps.
In the field tests, the amplitude response functions of sensitive points
all exhibited some peaking in the 3,2 to 5.3-cps range and the observed
modes appeared to involve various combinations of tower bending and
reflector rotation. In particular, accelerometers mounted to measure
lateral tower motions exhibited peaks at about 3.5 cps in both azimuth

and declination excitatiom.

4-10
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The third calculated system resonant frequency, 5.0 cps, is
attributable to vibration of the feed support system as an almost
isolated component. It has been found both experimentally and
analytically that, while the feed support system is excited when the
antenna is driven at the feed support resonant frequency, these
resonances are only slightly coupled to the major structure and do not
appear as significant peaks in experimental frequency response functions
for hard points behind the reflector. 1In analysis, this phenomenon
manifests itself in the appearance (in transfer functions for points
behind the reflector) of zeros very close in frequency to the system

resonant frequericy corresponding to feed support resonance.

Examination of the mode shape corresponding to the 9.9-cps
system resonant frequency again indicates a complex combination of
lateral tower bending and reflector rotation. The second mode of
vibration of the simplified tower bending model is 8.4 cps. Peaks are
observed at sensitive points in the structure at about 11 cps, and

again a sharp peak in the response of the tower lateral motion.

The last calculated system resonant frequency of 16.1 cps appears

as a significant resonance in all the calculated transfer functions,

and in all of the measured frequency response functions significant
peaks occur in the 14 to 17-cps range. The response functions for the
gross motion of the reflector are more or less '"flat'" until the appear-
ance of the 15-cps frequency. The frequency interval between the

lowest locked-rotor frequency (2.3 cps) and the first significant
system resonant frequency (15 cps) is seldom as great as it is in this

mode of excitation on this antenna.

A system resonant frequency was observed in the field at about
8 cps. This resonance was apparently the lowest natural frequency of
the reflector structure because, (1) it only appeared as a peak in
the reflector rotation frequency response, (2) no transient oscillation

could be excited at this frequency, and (3) flowering motions of the

4-11
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reflector were visually observed at this frequency. In the analysis,

the reflector was considered to be a rigid body, thus precluding the
appearance of reflector resonances in the analytical results. Considera-
tion of reflector structure dynamics will be made in further analysis of
the I0S antenna.

4.2.2 Locked Rotor Frequencies

The zeros of the motor shaft frequency response function indicate
locked-rotor resonant frequencies of 2.7, 3.8, 5.0, 6.1 and 12.3 cps.
The first of these is comparable to the lowest observed dip in the
tachometer frequency response of 2.3 cps and corresponds to a natural
mode of the system with the brakes locked in which the eritire antefina
is rotating about the azimuth axis. The second, 3.8 cps, is included
in the complex of modes.inVOlving lateral tower bending and reflector
rotation which are reflected in the measured tachometer frequency
response as a general rise in the 3.5 to 4.5 cps range. The 5.0 cps
frequency is due to the feed support system resonance, and, as discussed
above, is not significantly felt as far back as the motor drive shaft.
The next at 6.1 cps, corresponds to the dip in the measured response
curve at about 5.5 cps. The final calculated locked-rotor frequency
at 12.3 cps is seen experimentally as the dip preceding the 17-cps
peak. In the above discussion of system resonant frequencies it was
pointed out that, at 8 cps, a resonant frequency was observed that was
not calculated and (in the case of the motor shaft frequency response)
both a peak and a dip are observed in this general frequency range.
These did not appear in the calculated transfer function because the

reflector flexibility was not considered in the analysis.

4-12
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SECTION 5
SPECIAL ANALYSES

5.1 INTRODUCTION

Several approacheés were used to determine areas in which the
structure is disproportionately flexible, because if such areas exist
it should be possible to raise the significant natural frequency by
stiffening these components. One attack on this problem involves
simple comparison of compliances of various components. Another
investigation involves performing dynamic analyses of various components
of the antenna structure both to determine what effect they have on
the overall structure and to determine how variations in the structural
configuration affect the significant resonances of the overall structure.

The results of these invest® 1itions are outlined below.

5.2 TOWER

A comparison of the torsional compliances of the elastic elements
between the lumps in the tower model reveal that the equivalent compliance
of the azimuth gear drive system is an order of magnitude greater than
the compliance of any other individual element in this chain. A
simplified model in which only rotations of the components about
the azimuth axis were considered was analyzed. 1In this model, all
of the mass of the moving structure was concentrated in a single
lump at the top, and the torsional compliance between the gimbal and
the declination drive housing was included. The lowest natural frequency
(corresponding to a locked-rotor frequency) for this model was 5.5 cps.
When the compliance of the transverse drive system was added between
the gimbal and the moving structure beyond the gimbal, this frequency
decreased to 4.5 cps. Inspection of the mode shape for the first model
shows that, as is expected, the signicant increases in modal amplitudes
occur across the azimuth bearing and between the declination drive housing
and the moving structure, since these are the locations of the over-compliant

components. In this model, these amplitude increments are about the
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same because the azimuth drive system compliance (230 x 10 °° rad/in 1b)

is comparable to the compliance between gimbal and declination drive
housing (164 x 10-12). The latter compliance is primarily due to the
radial flexibility of the declination axis bearings. In the second

model, the increase in modal amplitude from declination drive housing

to gimbal was about twice that across the azimuth bearing.

Since both of the preceding calculated frequencies are high
compared to the calculated locked-rotor frequency for the over=all
system (2.7 cps), it is evident that the overly-compliant components considerad
(azimuth and transverse drive systems and declination axis bearings)
are not the sole cause of the low locked-rotor frequency observed in

this orientation.

5.3 MOVING ANTENNA STRUCTURE

A dynamic analysis of the moving structure beyond the gimbal
(shown in Fig. 2-2) was made to determine the natural frequency of
that portion of the structure under conditions in which tower motiom
was constrained to isolate its contribution to the over-all locked-
rotor frequency. In this analysis, the gimbal was assumed to be
grounded. With this constraint, the only flexibilities in the system
are those of the transverse drive system and bearings, and the reflector-
counterweight, reflector ring assembly. The lowest resonant frequency
of this structure was 3.0 cps, which is only slightly higher than the
2.7 cps locked-rotor frequency, so it can be inferred that a wajor
contribution of the observed low frequencies comes from this group of

components.

Inspection of the mode shape showed that, because of its asymmetry
(the drive system is on one of the arms only, and the other is free-
wheeling at the transverse axis), there were considerably larger
amplitudes on the ungeared reflector arm at both the reflector and the

counterweight. The model was then modified in such a way that half of
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the transverse drive system was inserted at the transverse axis on both
arms, as if the transverse axis were driven with one gearbox on each

of the arms. The first resonant frequency of this modified symmetric
structure rose to 7.4 cps. It can thus be inferred that, if the
transverse axis were driven symmetrically, the locked<rotor frequency

might be considerably increased.

5.4 BACK~-SHAFT FREQUENCY RESPONSE

To obtain another indication of the effect of the azimuth drive
system compliance on the locked-rotor frequencies, the frequency
response for the rotation of the azimuth gear was calculated. The
zeros of this response function are equivalent to the natural frequencies
of the structure grounded at the azimuth bearing, and thus are not
affected by drive system compliance. The first zero of this transfer
function appeared at 2.8 cps compared to the lowest locked-rotor
frequency, which was 2.7 cps. It thus appears that the azimuth drive
system compliance has an inconsequential effect on the over-all

system performance.

In systems in which gearing flexibility is significant, bandwidth
could be increased by using a feed-back tachometer mounted on the
pinion rather than on the motor shaft, but this change apparently

would effect an insignificant improvement on the FGS system.
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